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sumoto-cho, Kasugai, Aichi 487-8501, Japan.We have previously demonstrated that RNA interference-mediated suppression of xanthine dehy-
drogenase (XDH), the rate-limiting enzyme in purine degradation, causes defects in the normal
growth and development of Arabidopsis thaliana. Here, we investigated a possible role for XDH in
drought tolerance, since this enzyme is also implicated in plant stress responses and acclimatiza-
tion. When XDH-suppressed lines were subjected to drought stress, plant growth was markedly
reduced in conjunction with signiﬁcantly enhanced cell death and H2O2 accumulation. This
drought-hypersensitive phenotype was reversed by pretreatment with exogenous uric acid, the cat-
alytic product of XDH. These results suggest that fully functional purine metabolism plays a role in
the Arabidopsis drought acclimatization.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Purine compounds are not only crucial components of nucleic
acids, nucleotides and nucleosides, but also serve as intracellular
energy-storage depots, metabolic regulators and metabolic reac-
tion intermediates. These vital roles in various biochemical path-
ways of primary and secondary metabolisms are essential for a
number of cellular processes. In living organisms, purines and their
derivatives are formed and disassembled consecutively, with cellu-
lar levels intensively regulated by the metabolic processes of de
novo synthesis, salvage and degradation [1,2]. In contrast to the
de novo synthesis and salvage pathways, the catabolism of purines
has not been conserved in eukaryotic evolution. In the oxidative
degradation pathway, xanthine serves as the common starting
compound, which is oxidized initially to uric acid and then to
allantoin, the two main endproducts in terrestrial animals. Con-
versely, land plants possess a set of enzymes which further break
down purine compounds, ultimately releasing CO2 and NH3 as
inorganic catabolites [1,2]. The importance of plant purine catabo-
lism has only been documented in a limited number of species ofchemical Societies. Published by E




Chubu University, 1200 Mat-symbiotic legumes, where it plays an essential role in the storage
of ﬁxed nitrogen and its translocation from N2-ﬁxing nodules to
other tissues and organs [3]. In contrast, for the vast majority of
plants that do not utilize a symbiotic association with Rhizobium
bacteria, the precise role of purine catabolism remains elusive,
although oxidative mineralization of purine compounds is thought
to contribute to the recycling of nitrogen from source to sink
organs [2,4].
Among the several plant enzymeswhichparticipate in the break-
down of purine compounds, xanthine oxidoreductase (XOR) acts as
the key enzyme catalyzing the ﬁrst and rate-limiting reaction (i.e.,
oxidation of xanthine to uric acid). This reaction occurs via two pos-
sible xanthine-oxidizing activities. The more prominent activity is
catalyzed by NAD+-dependent xanthine dehydrogenase (XDH),
while the O2-reducing xanthine oxidase (XO) reaction is much less
common and all the plant XOR forms puriﬁed thus far are of the
XDH form [2]. Despite its critical role in plant metabolic pathways,
the genomic organization of plant XDHwas only recently identiﬁed
usingmolecular approaches. Contrary tomost other organisms that
appear to carry only a single gene for this enzyme, the genomeof the
model plant Arabidopsis thaliana contains two related XDH genes,
AtXDH1 and AtXDH2, with the former gene playing amore dominant
role [5]. We recently developed transgenic Arabidopsis in which
both XDH genes were simultaneously disabled using RNA interfer-
ence (RNAi)-mediated gene suppression [4]. XDH suppression was
found to cause pleiotropic phenotypes in the transgenic plants,lsevier B.V. All rights reserved.
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senescence. This delayed growth was rescued by uric acid supple-
mentation, thus providing evidence for an Arabidopsis requirement
of purine catabolites for sustaining normal plant growth and devel-
opment [4].
Although classiﬁed as a housekeeping enzyme in a broad range
of organisms, XDH is also implicated in plant responses and accli-
matization to abiotic and biotic stress [1,4–7]. For example, it has
been reported that AtXDH1 responds to drought and to treatment
with the stress hormone abscisic acid with transcriptional up-reg-
ulation and a concomitant increase in enzyme activity [5]. What
remains unknown, however, is whether or not the stress-related
activation of XDH expression and enzyme activity is physiological
relevant to plant protection from stress. Therefore, this study was
undertaken to investigate the possible role of this enzyme in plant
defense mechanisms under the stress of unfavorable environmen-
tal conditions, particularly focusing on drought as one of the most
common and devastating stresses experienced by plants. For this
purpose, we examined the impact of XDH suppression on the
drought tolerance of transgenic Arabidopsis plants, which were
previously established as a suitable model for evaluating the phys-
iological roles of XDH and the metabolic pathway which it regu-
lates [4].
2. Materials and methods
2.1. Plant material and growth conditions
Wild-type (WT) Arabidopsis (A. thaliana [L.] Heynh., accession
C24) and two independent transgenic lines with severe RNAi sup-
pression (xdh4 and xdh5 in the T4 generation) were used in the
present experiments. These XDH-suppressed lines have been previ-
ously described in detail [4]. Surface-sterilized and vernalized
seeds were germinated on square Petri plates (14 cm  10 cm;
Eiken Chemical Co., Ltd.) of standard medium containing
half-strength Murashige-Skoog salts supplemented with 1% (w/v)
sucrose and solidiﬁed with 0.3% (w/v) gellan gum at pH 5.6. The
seeds were germinated and kept in a growth chamber at 22 C un-
der long day conditions (16-h photoperiod at 70 lmol of photons
m2 s1).
2.2. RNA and protein analysis
Total RNA and protein were isolated from whole seedlings. Pro-
cedures for reverse transcription-polymerase chain reaction (RT-
PCR), Western blotting and in-gel positive staining for XOR activity
were performed as previously described [4]. During RT-PCR,
AtXDH1 transcripts were co-ampliﬁed with AtVHA1-1 mRNA
(encoding the vacuolar ATP synthase catalytic subunit A) as an
internal control. Western blotting was performed with an anti-
AtXDH1 antibody directed against its carboxyl-terminal synthetic
peptide following sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE) using 7.5% (w/v) acrylamide concentration
under reducing conditions. Enzyme activity was detected in situ
after native PAGE using hypoxanthine as a substrate and nitroblue
tetrazolium as the chromogenic agent.2.3. Metabolite analysis
Uric acid was extracted from whole plants and partially puriﬁed
by ion exchange column chromatography as previously described
[4]. The uric acid-containing fractions were analyzed by electro-
spray ionization–tandem mass spectrometry (ESI–MS/MS) using
a QSTAR XL system (Applied Biosystems) that was equipped with
an ESI interface in positive-ion mode detection. For the identiﬁca-tion and quantiﬁcation of uric acid, the parental ion was chosen at
m/z 169.0, which corresponds to the protonated uric acid ion.
Free proline was determined by the spectrophotometric proce-
dure of Bates et al. [8], adopting the acid-ninhydrin reagent.
2.4. Drought-shock treatment
Drought shock was applied to plants as described by Yamaguchi
et al. [9] with slight modiﬁcation. Aseptically grown 14-day-old
seedlings were carefully removed from the solid medium, laid on
dry ﬁlter papers that were placed in a clean bench, and exposed
to a stream of dry air under dim light for up to 60 min. For control
treatments, moist ﬁlter papers were substituted for the dry ﬁlters.
The seedlings were then transferred back to the culture medium
and harvested after 7 days of recovery under the growth chamber
conditions described above. To test the effect of metabolite supple-
mentation, the seedlings were grown for 14 days on the samemed-
ium supplemented with 25 lM uric acid, after which drought
shock was applied and then stressed plants were allowed to re-
cover on uric acid-free standard medium. Whole-plant fresh and
dry weights (FW and DW, respectively) were scored before drought
shock and after recovery. Changes in water content were estimated
from the difference in FW induced by drought treatment.
2.5. Measurement of chlorophyll, H2O2 and cell death
Chlorophyll amounts were determined spectrophotometrically
after extraction of shoots with 80% (v/v) acetone, as described by
Lichtenthaler [10]. H2O2 concentrations were measured using a
modiﬁed titanium-peroxide complex assay [11].
The extent of cell death was quantiﬁed at seven days post-
drought shock by selective staining of dead cells with the dye Evans
blue [12]. In brief, whole shootswere inﬁltrated under vacuumwith
0.5% (w/v) Evans blue and then washed extensively with water to
remove unbound dye. The remaining dye was extracted from dead
cells by incubating the plant material with 50% (v/v) methanol and
1% (w/v) SDS at 60 C for 30 min, after which the absorbance was
measured at 600 nm in a spectrophotometer and dye concentra-
tions were calculated on a FW basis. Heat-treated plant samples
(100 C, 10 min) were stained as a control of 100% cell death.
2.6. Statistical analysis
Individual averages and standard errors of the mean (S.E.M.)
were calculated using the data from independent samples. Signiﬁ-
cant variations were assessed using a two-tailed Student’s t-test
for unpaired samples, with the critical level set for all calculations
at P < 0.05.3. Results
3.1. Early growth phenotype was normal but uric acid formation was
impaired in XDH-suppressed plants
One of the characteristic phenotypes of XDH suppression in Ara-
bidopsis is delayed development, which becomes apparent 4–
5 weeks after germination under our experimental conditions [4].
For this reason, and to avoid complications arising from growth dif-
ferences among plants, we conducted drought shock (or air drying)
tolerance tests [9,13] on 14-day-old seedlings from the suppressed
lines (xdh4 and xdh5) which were indistinguishable, in terms of
seedling fresh and dry weights, from age-matched WT seedlings
(Fig. 1A). Nevertheless, the levels of XDH transcripts and encoded
150-kDa polypeptides were severely reduced or undetectable in
xdh4 and xdh5 lines (Fig. 1B and C). Consistent with the gene
Fig. 1. Growth, XDH expression and uric acid levels in XDH-suppressed Arabidopsis
at young seedling stage. (A) Fresh and dry weights of 14-day-old seedlings fromWT
and two independent suppressed Arabidopsis lines. Values represent the mean ±
S.E.M. of at least ﬁve replicates for each line. (B) RT-PCR analysis of the AtXDH1
mRNA inWT and suppressed lines. AtVHA1-1mRNA was co-ampliﬁed as an internal
control [4]. (C) Protein and enzyme activity analyses. (Upper) Western blots using
an anti-AtXDH1 C-terminal peptide antibody and approximately 10 lg protein per
lane. (Middle) Coomassie staining of the blotted membrane showing a major band
as a loading control. (Lower) Positive staining of XOR activity in native gels, with
each lane loaded with 30 lg of protein. (D) Uric acid levels in WT and two
independent suppressed lines. Values represent the mean ± S.E.M. of three repli-
cates for each line. Asterisks denote signiﬁcant differences (P < 0.01) between WT
and each of the two suppressed lines.
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absent in these XDH-suppressed seedlings (Fig. 1C), which predict-
ably resulted in a marked decrease in the uric acid levels to approx-
imately 25% of those found inWT seedlings (P < 0.01) (Fig. 1D). This
metabolite deﬁciency might be expected to impair the synthesis of
nitrogenous compounds, since the catabolism of purines consti-
tutes one of the fundamental steps in nitrogen metabolism. We
therefore measured the contents of free proline and found that
the levels of this nitrogenous osmoprotectant were not signiﬁcantly
different between WT and XDH-suppressed lines (1.53 ± 0.05,
1.42 ± 0.06 and 1.48 ± 0.10 lmol g1 FW for WT, xdh4 and xdh5,
respectively; n = 9, PP 0.1). Taken together, these results showed
that the RNAi-mediated suppression operated effectively in the
impairment of purine metabolism without an apparent alteration
in plant growth at this early developmental stage.
3.2. XDH-suppressed plants were hypersensitive to drought stress
Having conﬁrmed the absence of a delayed growth phenotype,
the WT and XDH-suppressed seedlings were subjected to a 60-min drought shock stress. Upon stress treatment, both WT and
XDH-suppressed lines responded similarly with respect to water
status, dropping their water contents to below 20% of the original
levels. In contrast, the seedlings maintained about 60% of their
water content under the control condition where plants were laid
on wet ﬁlter papers during the drought treatments (Fig. 2A). In
both stress and control treatments, the difference between the
WT and each of the two suppressed lines was not signiﬁcant at
60 min (PP 0.1), indicating that WT and XDH-suppressed lines
underwent essentially the same degree of drought severity. Imme-
diately following the treatments, the seedlings were returned to
normal conditions where they were allowed to recover for 7 days.
The loss of chlorophyll and a reduction in biomass production
are typical plant growth reactions during stress and post-stress
recovery periods. We therefore examined these growth parameters
in stressed and control seedlings after recovery from drought shock
(Fig. 2B–E). Compared with the WT, seedlings from the XDH-sup-
pressed lines showed signiﬁcantly decreased total chlorophyll (at
least P < 0.05), FW (P < 0.01), and DW (P < 0.05). There were no sta-
tistical differences in these parameters between the WT and sup-
pressed lines in all control treatments (PP 0.1), which
corroborates the drought-speciﬁc effects on these growth parame-
ters resulting from the stress conditions. To eliminate the possibil-
ity that the stress treatment might inﬂuence XDH suppression, we
monitored XDH protein levels. Results indicate that XDH protein
levels were maintained in the WT seedlings throughout the post-
stress recovery phase, but remained undetectable in the sup-
pressed lines over the stressed and recovery periods (Fig. 2F).
3.3. XDH-suppressed plants enhanced cell death and H2O2
accumulation
In general, there is a close correlation between drought-induced
plant growth inhibition and cell death [14]. In fact, the reduced
growth of XDH-suppressed lines was accompanied by an enhanced
cell death rate, as shown by signiﬁcantly increased uptake of Evans
blue dye into XDH-suppressed plant tissues (Fig. 3A). Following
stress treatment, the cell death rate increased by 1.7- and 2.0-fold
in the xdh4 and xdh5 lines, respectively (P < 0.05 for both lines),
whereas WT plants showed only a marginal increase in the dye up-
take (1.2-fold, PP 0.3). These data suggest that XDH-suppressed
seedlings are more vulnerable to the loss of plasma membrane
integrity.
Stress-induced membrane damage is often mediated by reac-
tive oxygen species (ROS) [11,12,14,15]. We therefore determined
H2O2 concentrations in WT and XDH-suppressed seedlings (Fig. 3B)
before and after drought stress. Compared with the WT seedlings,
xdh4 and xdh5 lines accumulated 2- to 3-fold higher concentra-
tions of H2O2 before drought shock, after the 7-day recovery from
stress and after the control treatments (P < 0.05; except for xdh4
lines after control treatments). The apparent high H2O2 accumula-
tion suggests that XDH-suppressed lines have a reduced capacity to
detoxify ROS, which might account for the serious drought-in-
duced damage observed in these lines.
3.4. Exogenous uric acid restored drought-hypersensitive growth of
XDH-suppressed plants
To examine whether the deﬁciency in purine metabolites con-
tributes to enhanced drought susceptibility, drought shock toler-
ance was evaluated in XDH-suppressed seedlings that had been
grown on medium supplemented with uric acid (Fig. 4). We used
the possible maximum concentration of uric acid (25 lM) at which
the growth of 14-day-old seedlings was not markedly changed
when compared with seedling growth on the standard medium
that was used in the preceding experiments (cf. Fig. 2D and E).
Fig. 2. Enhanced susceptibility of XDH-suppressed Arabidopsis to drought-shock stress. (A) Effect of drought-shock stress on the water content of 14-day-old WT (circles),
xdh4 (triangles), and xdh5 (diamonds) seedlings. Closed and open symbols indicate drought and control treatments, respectively. (B) Representative appearance of WT and
XDH-suppressed seedlings after a 7-day recovery from 60 min drought-shock or control treatments. Bar = 1 cm. (C–E) Effects of drought-shock stress on growth parameters.
Chlorophyll (C), fresh weight (D), and dry weight (E) were measured immediately before stress, after a 7-day recovery from stress, and after control treatments. Asterisks
denote signiﬁcant differences (*P < 0.05; **P < 0.01) between WT and each of the two suppressed lines. (F) Western blot analysis showing XDH protein levels immediately
before stress treatment and during the post-stress recovery phases. Each lane was loaded with approximately 15 lg of protein. Coomassie (CBB) staining of the blotted
membranes is presented below the Western blot data. Values represent the mean ± S.E.M. of at least ﬁve, six, seven and seven replicates in (A), (C), (D) and (E), respectively.
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three lines (compare Fig. 2C with Fig. 4A), these results mainly
indicated the efﬁcient uptake of this nitrogen-rich compound by
treated plants because Arabidopsis has been shown to possess a
functional uric acid transporter that is expressed in various organs
including roots [16]. After drought shock, the application of uric
acid was very effective in restoring the chlorophyll content and
biomass of XDH-suppressed lines (Fig. 4). More importantly, the
growth parameters of XDH-suppressed seedlings grown on med-
ium containing uric acid were not signiﬁcantly different (PP 0.1)
or even slightly better (i.e., FW of xdh5 lines) from those of WT
seedlings. These results indicate that the purine metabolite uric
acid, and hence the functional metabolism of purines, is involved
in the mechanisms of drought tolerance of Arabidopsis plants.
4. Discussion
The present study is a continuation of our laboratory’s investi-
gations of the role of XDH speciﬁcally and purine metabolism ingeneral in various aspects of plant growth, development and phys-
iology. Using transgenic Arabidopsis XDH-suppressed lines [4], we
have demonstrated that stable knockdown of the enzyme severely
impaired Arabidopsis seedling stress tolerance, including signiﬁ-
cant reductions in seedling biomass and cell viability following
drought shock (Figs. 2 and 3). We have previously demonstrated
that delayed growth, another salient phenotype caused by XDH
suppression, is attributable to changes in metabolic activity result-
ing in a deﬁciency in purine metabolites such as uric acid, rather
than the overaccumulation of xanthine [4]. This deﬁcit may also
explain the compromised drought tolerance observed in XDH-sup-
pressed lines, since exogenous application of uric acid successfully
restored the impaired growth phenotype to levels similar to those
observed for WT seedlings (Fig. 4). An interesting physiological as-
pect of XDH-suppressed Arabidopsis is that these plants constitu-
tively accumulate substantially higher levels of H2O2 than is
normally found in WT seedlings (Fig. 3B). This elevation in the ba-
sal levels of ROS seems to be critical for diminishing drought toler-
ance; possibly through reducing the transgenic seedlings’ capacity
Fig. 3. Increased cell death and H2O2 accumulation in XDH-suppressed Arabidopsis.
(A) The cell death rate in seedling shoots was estimated using an Evans blue dye-
staining method after a 7-day recovery from stress or control treatments. (B) H2O2
levels were measured in seedlings before stress, after a 7-day recovery from stress,
and after control treatments. Values represent the mean ± S.E.M. of at least six and
ﬁve replicates in (A) and (B), respectively. Asterisks denote signiﬁcant differences
(P < 0.05) between control and stress treatments in each plant line in (A) and
between WT and each of the two suppressed lines in (B).
Fig. 4. Restoration of XDH-suppressed Arabidopsis drought-hypersensitive growth
by the addition of exogenous uric acid. Drought shock was applied to 14-day-old
seedlings grown on medium containing 25 lM uric acid. Chlorophyll (A), fresh
weight (B), and dry weight (C) were measured immediately before stress, after a 7-
day recovery from stress, and after control treatments. Asterisks denote signiﬁcant
differences (*P < 0.05; **P < 0.01) betweenWT and each of the two suppressed lines.
Values represent the mean ± S.E.M. of a minimum of six replicates.
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tion is accelerated in plants under drought conditions [14,15], it
seems possible that shortly after drought shock, ROS levels in-
crease transiently to levels beyond the tolerance limit of XDH-sup-
pressed lines, inducing irrecoverable oxidative injury which results
in enhanced cell death (Fig. 3A). In contrast, WT plants may be less
susceptible to drought stress due to their lower basal ROS levels
relative to the levels found in the XDH-suppressed lines.
At this moment, we have no deﬁnitive explanation for the
importance of purine metabolism in drought tolerance of Arabid-
opsis. However, we assume that the metabolites (uric acid and pos-
sibly its downstream compounds) that are poorly present in XDH-
suppressed lines contribute to a certain kind of protective capabil-
ity to Arabidopsis seedlings. Indeed, uric acid has long been recog-
nized as a potent ROS scavenger in vitro and also in vivo in land
animals [17–20]. Of particular interest is the fruit ﬂy XDH-null
mutation, which results in a total deﬁciency in this metabolite
and a phenotype characterized by hypersensitivity to ROS and oxi-
dative damage [20]. While few reports have attempted to examine
the potential roles of purine metabolites in plant stress protection,
uric acid, when inﬁltrated into Arabidopsis leaves, can efﬁciently
quench the potent oxidant peroxynitrite [21]. Also, certain down-
stream metabolites of uric acid are suggested to have antioxidative
potential [22]. These observations in animal and plant studies are
in line with our results, suggesting that insufﬁcient XDH activity
causes Arabidopsis to become more susceptible to drought and
drought-induced oxidative damage, presumably due to deprivation
of purine metabolites with particular protective functions. How-
ever, various other protective compounds are present in plant cells,
including ascorbate and glutathione, which have pivotal roles in
detoxifying ROS which are generated under various stress condi-
tions, including drought [14,15]. To address this topic and to fur-
ther explore metabolic function under stress conditions, it is
important to evaluate the quantitative contribution of purine
metabolites to stress protection, particularly in relation to the
developmental and stress-inducible pattern of XDH expression in
plant tissues and organs [4–6]. Other possible mechanisms of plantprotection mediated by purine metabolism remain to be investi-
gated in future research.
In summary, this study sheds light on the potentially beneﬁcial
role of purine metabolism in Arabidopsis during drought stress.
The results of this study, combined with our previous ﬁndings
[4], strongly indicate that the rate-limiting key enzyme XDH has
critical roles in maintaining plant growth and development under
both normal and stressful growth conditions.
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